■ Abstract The mevalonate pathway in insects has two important peculiarities, the absence of the sterol branch and the synthesis of juvenile hormone (JH), that may have influenced the mechanisms of regulation. The data available on these mechanisms indicate that cholesterol does not play a regulatory role and that JH modulates transcript levels of a number of genes of the mevalonate pathway or can influence the translatability and/or stability of the transcripts themselves. These data suggest that the mevalonate pathway in insects can best be interpreted in terms of coordinated regulation, in which regulators act in parallel to a number of enzymes, as occurs in the cholesterol-driven pathway in vertebrates.
INTRODUCTION
The mevalonate pathway is of current interest because one of its final products is cholesterol, which in addition to its role in maintaining cell membranes also has implications for human cardiovascular diseases. Therefore, most research on this pathway has been based on vertebrate models, resulting in such achievements as the identification of the role of cholesterol as a key regulator (24) and the discovery of the sterol regulatory element-binding proteins (SREBP) pathway (29, 41) .
Insects, however, are a special case because they do not synthesize cholesterol de novo (13) . Moreover, they produce juvenile hormones (JHs), unique sesquiterpenoid hormones that regulate embryonic development, repress metamorphosis, and induce vitellogenin synthesis and pheromone production in most insect species (38) . To date, six forms of JH have been fully characterized from a chemical and physiological point of view (1a, 46) . JH I and II were identified in Lepidoptera for the first time, and JH III is the most widespread JH in insects. JH 0 and 4-methyl-JH I seem exclusive to Lepidoptera. Finally, Diptera produce the 6,7-epoxide of JH III, JHB3. The peculiarities of JHs suggest that the regulatory mechanisms of the mevalonate pathway in insects are different from those of vertebrates. However, these regulatory mechanisms have remained elusive. One of the most 0066-4170/05/0107-0181$14.00
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BELLÉS MARTÍN PIULACHS recent reviews on the insect mevalonate pathway (46) underlines the challenge that insects pose in this respect. The absence of appropriate molecular tools has been a drawback in the past years, but the cloning of the emblematic 3-hydroxy-3-methylglutaryl coenzyme A reductase in the fruit fly, Drosophila melanogaster (22) , opened the door to a new strategy. Since then, other enzymes of the mevalonate and JH pathway have been cloned and sequenced, and the SREBP pathway in D. melanogaster has been characterized (18) . Although the answer to the question how do insects, in general, regulate the mevalonate pathway is not yet available, this review seeks to show that the road toward such an answer is now much better paved.
THE MEVALONATE PATHWAY IN INSECTS
The mevalonate pathway is a ramified metabolic route based on reductive polymerization of acetyl-CoA, which leads to a great diversity of isoprenoid compounds ( Figure 1 ). These include cholesterol, which is involved in maintaining membrane structure; the heme A and ubiquinone, which participate in electron transport across the membrane; dolichol, which is necessary for glycoprotein carrier synthesis; and isopentenyl adenine, which is present in certain transfer RNAs. In addition, isoprenoids from the mevalonate pathway are involved in the prenylation of membrane-bound proteins that play an important role in cell signaling and carcinogenesis, such as p21 ras , which is encoded by ras oncogenes and protooncogenes. Final products of the pathway also include hormonal messengers, such as cytokinins and phytoalexins in plants, steroid hormones in mammals (8) , and defensive secretions, pheromones, and JH in insects (48) (Figure 1 ).
Because of its important functions in the cell membrane, and its key regulatory role, cholesterol has become the most emblematic compound of the mevalonate pathway (23, 24) . However, insects and other arthropods do not synthesize cholesterol de novo (13) because they lack the genes encoding squalene synthase and other subsequent enzymes of the sterol branch (45) . Another peculiarity of the mevalonate pathway in insects is the capacity to synthesize JHs, which involves special homoisoprenoid intermediates and enzymes in the steps after the formation of farnesyl diphosphate, although the preceding steps, from acetyl-CoA to farnesyl diphosphate, are identical (and regulated by the same enzymes) to those of cholesterol-producing organisms (Figure 1 ). Among the insects, lepidopterans also generate and use propionyl-CoA in a parallel homomevalonate pathway, thus yielding special JH homologs, such as JH I, JH II, JH 0, and 4-methyl JH (1a, 46).
THE ENZYMES: STRUCTURAL DATA
Data available on the enzymes involved in the mevalonate pathway in insects are copious (see, e.g., References 46 and 48) and could not be summarized in a reasonable space. Therefore, we deal only with structural aspects of those enzymes that have been molecularly characterized, according to the order followed in Figure 1 .
The Route to Mevalonate
The gene encoding acetoacetyl-CoA thiolase (EC 2.3.1.9) has been identified in the genome of D. melanogaster and the mosquito Anopheles gambiae and in an EST of the scolytid beetle Ips pini (19a, 30a) (Table 1) . In vertebrates, acetoacetylCoA thiolase is functional as a tetramer of identical subunits and has two cysteine residues at the active sites (21) , which are conserved in insects. (6, 35) and in the scolytid beetle Dendroctonus jeffreyi (57) ( Table 1 ). It has also been identified in an EST of I. pini (19a, 30a) . In B. germanica two enzymes that are 78% similar have been reported, HMG-S-1 (35) and HMG-S-2 (6) ( Table 1 ). The gene encoding HMG-S-1 has no introns, and expression studies and phylogenetic analysis suggest that it is a functional retrogene derived from HMG-S-2 by retrotransposition (6, 7, 9) . In this review, when mentioning HMG-S from B. germanica, we refer to HMG-S-2 unless stated otherwise. The gene encoding HMG-S can be found in the genome of D. melanogaster, A. gambiae, and the lepidopteran Bombyx mori ( Table 1) . HMG-S has a characteristic cysteine in the catalytic domain that is conserved in insect sequences at position 120. HMG-S of insects does not show any recognizable N-terminal targeting sequence to mitochondria, which suggests that the enzyme is cytosolic in insects (6, 57) .
3-Hydroxy-3-methylglutaryl-CoA reductase (HMG-R) (EC 1.1.1.34) has been cloned from D. melanogaster (22) ; B. germanica (36) ; the beetles I. pini (26) , Ips paraconfusus (56) , D. jeffreyi (55) , and Anthonomus grandis (partial sequence); and the moth Agrotis ipsilon (19) ( Table 1 ). The gene encoding HMG-R can be found in the genome databases of D. melanogaster, A. gambiae, and the hymenopteran Apis mellifera (Table 1) . HMG-R is a membrane-bound enzyme with an N-terminal membrane anchor that contains a variable number of transmembranespanning domains, followed by a linker region, and a C-terminal catalytic domain (39) . The catalytic domain is remarkably well conserved, especially in the distribution of cysteine residues and in the occurrence of a histidine that is conserved in all HMG-R characterized to date, including those of prokaryotes (4) . (Table 1) . While other insect enzymes of the mevalonate pathway are between 40% and 60% identical to the vertebrate orthologs, the mevalonate kinases of D. melanogaster and A. gambiae are only 30% similar. In the case of phosphomevalonate kinase, two types have been described, one corresponding to the higher eukaryotes, including insects, and the other corresponding to plants and fungi (30) . Diphosphomevalonate decarboxylase has been identified in an EST of I. pini (19a, 30a) .
From Mevalonate to Farnesyl Diphosphate
Data on the structure of isopentenyl diphosphate isomerase can be found in the genome database of D. melanogaster and A. gambiae, and in an EST of I. pini (19a, 30a) (Table 1) . Geranyl diphosphate synthase has also been identified in an EST of I. pini (30a) ( Table 1) .
Farnesyl diphosphate synthase (FPPS) (EC 2.5.10) has been cloned in A. ipsilon (12) , and its gene is present in D. melanogaster, A. gambiae, and B. mori genomes, and it has been identified in an EST of I. pini (19a, 30a) (Table 1) .
FPPS from insects, the vertebrates Homo sapiens, Mus musculus, and Rattus norvegicus, and the plant Arabidopsis thaliana have an N-terminal extension that ranges from 113 (A. gambiae) to 65 (H. sapiens) amino acids in length. These extensions are enriched in basic, polar, and hydrophobic residues; contain a number of tetrapeptides that fit the consensus sequence RXXS, which is currently reported as a mitochondrial targeting cleavage motif (59) 
The Formation of Juvenile Hormone
No structural data are available on farnesyl diphosphate pyrophosphatase, farnesol oxidase, or farnesal dehydrogenase. The conversion of farnesol to farnesal was believed to be catalyzed by a nicotinamide-dependent dehydrogenase (46) , but recent studies in the lepidopteran Manduca sexta suggest that it is a metal-or flavin-dependent oxidase (51) .
In orthopteroid insects, esterification of farnesoic acid occurs before epoxidation, yielding JH. By contrast, in lepidopterans epoxidation precedes esterification, which is under developmental control, and the corresponding JH methyl transferase vanishes during metamorphosis (50) . The first JH methyl transferase was cloned from B. mori (49) ( Table 1 ) and, using the B. mori sequence as a template, orthologs have been found in D. melanogaster and A. gambiae (Table 1 ). In M. sexta, a previously described odorant-binding protein (43) shows the structural features of a JH methyl transferase (49) ( Table 1) . We have found new JH methyl transferase orthologs in EST databases of A. mellifera and the beetle Callosobruchus maculatus (Table 1) . JH methyl transferase transfers a methyl group of S-adenosyl-L-methionine (SAM) to farnesoic acid or epoxyfarnesoic acid. Thus, it is not strange that the amino acid sequences of the insect JH methyl transferase contain a conserved SAM-binding motif typical of the family of SAM-dependent methyl transferases. Orthologs of insect JH methyl transferases from a number of crustacean species are known (25, 44) .
More recently, a specific JH epoxidase has been cloned and characterized from the corpora allata (CA) of the cockroach Diploptera punctata (28) ( Table 1) . It belongs to the large superfamily of cytochrome P450 proteins (19b) and epoxidizes methyl farnesoate with high regio-and stereoselectivity. A clear ortholog of this JH epoxidase has been identified in the genome of A. gambiae (Table 1) , whereas structurally related sequences have been found in B. mori and D. melanogaster (28) .
ENZYME ACTION: SITES AND PATTERNS
Data related to the functions and physiology of the mevalonate pathway enzymes have been selected for processes involving JH. The most obvious process is the biosynthesis of JH itself, but we have also dealt with JH-dependent processes such as the synthesis of vitellogenin in the fat body, oogenesis, embryogenesis, and the production of isoprenoid pheromones in the midgut of scolytids. A final section on the localization of the enzymes in different subcellular compartments has also been included given the interest of this aspect from a functional and physiological point of view.
Juvenile Hormone Synthesis in the Corpora Allata
Biochemical information implicates the mevalonate pathway in the synthesis of JH (46) , including data from studies on the production of JH by the CA, which showed that addition of precursors such as mevalonate, farnesol, or farnesoic acid increased JH production, whereas the use of HMG-R inhibitors such as compactin or mevilonin decreased it, thus indicating that isoprenoid flux modulates the rates of JH synthesis (46) .
Subsequently, developmental profiles of enzymatic activity in the CA were obtained for HMG-S and HMG-R in the adult female of D. punctata (14, 20) , for HMG-R in the adult female of the locust Locusta migratoria (15) , and for JH acid methyl transferase in last larval instar of M. sexta (50) . Molecular studies have led to the detection of HMG-R mRNA in the CA of A. ipsilon (19) and B. germanica (J.L. Maestro & X. Bellés, unpublished results), and FPPS mRNA in the CA of A. ipsilon (12) . In B. mori, mRNA levels of JH methyl transferase have been monitored in the CA of last larval instars (49) .
Developmental patterns reveal a parallelism between the profile of enzyme mRNA levels or enzymatic activity and that of JH production, although the decline of JH often precedes enzyme decline by one or two days. This happens, for example, when HMG-S and HMG-R activity is measured in the CA of D. punctata (14, 20) (Figure 2 ). In terms of mRNA, developmental patterns for JH methyl transferase in B. mori indicate that levels are high and constant in antepenultimate and penultimate instars and then decrease in the last larval instar, this decrease occurring one day after the switch from producing JH to producing JH acid in the CA (49) . The data suggest that enzyme levels are not responsible for the sudden decline in JH production observed at the end of the CA activity cycle. Rather, data suggest that JH acts regulating enzyme activity in the second half of the enzyme cycle. The first transcript expression data on the recently described JH epoxidase of D. punctata indicate that it is selectively expressed in the CA, at least at the time of maximal JH production (28) .
Vitellogenesis in the Fat Body
One of the most important functions of the female fat body in the reproductive cycle is the production of vitellogenins and their release into the hemolymph, from which they are incorporated into developing oocytes (2) . In the fat body of B. germanica, HMG-R and HMG-S exhibit coordinated expression and activity during the vitellogenic cycle (10) . The mRNA levels of both enzymes are high after adult emergence and then decline progressively until oviposition. Conversely, protein levels and enzymatic activity increase as mRNA levels decrease, peak at the middle of the reproductive cycle, and decrease thereafter (10) . The protein and enzymatic activity profiles of both enzymes are analogous to that of vitellogenin production in the fat body (32) (Figure 2) .
Because vitellogenins are glycosylated proteins, a functional link between isoprenoid synthesis and vitellogenesis may be the production of dolichol, which is a carrier for oligosaccharide components for vitellogenin glycosylation. Following this reasoning, Martín et al. demonstrated (33) that fluvastatin, a potent inhibitor of HMG-R, reduced the release of vitellogenin from fat bodies of B. germanica incubated in vitro. The authors (33) also showed that allatostatins, peptides that impair the first step(s) of the mevalonate pathway in insects (52), inhibited vitellogenin release from the fat body, whereas mevalonate reversed this effect. Other studies have shown that fluvastatin and compactin inhibit HMG-R in the fat body of B. germanica, in terms of both protein and enzymatic activity levels, which results in reduced concentration of vitellin in the insect ovaries (60) .
Oogenesis
The first studies on tissue expression indicated that HMG-R and HMG-S in B. germanica (35, 36) are highly expressed in the adult ovary. Further studies on the first reproductive cycle showed that enzymatic activity of HMG-R and HMG-S is maximal some two days before oviposition, whereas mRNA levels are minimal (6) . Protein levels of HMG-R are also maximal before oviposition (61) (Figure 2 ).
These patterns had suggested that some product of the mevalonate pathway might play a role in choriogenesis, which starts one day before oviposition (61) . However, inhibition of the ovarian preoviposition peak of HMG-R with fluvastatin did not impair chorionation in B. germanica. However, egg hatching was severely affected by fluvastatin treatment, which suggests that the inhibitor was incorporated into the oocytes of treated females and elicited the effects on the eggs laid (61). It is clear from these studies that HMG-R, while not influencing choriogenesis, is essential for embryogenesis. Indeed, the physiological sense of the high expression of HMG-R toward the end of oogenesis may be the accumulation of the enzyme and its corresponding mRNA into the maturing oocyte for further use in early embryogenesis.
Embryogenesis
Expression of HMG-R and HMG-S in embryos of the cockroach B. germanica has been studied. The first experiments showed that mRNA levels for both enzymes are high after oviposition, low in mid-embryogenesis, and mid-range before egg hatching (6, 36, 61) . Conversely, protein levels were high during the first three or four days of embryogenesis, and then decreased abruptly, whereas enzyme activity showed an acute peak on day 3. Treatment of adult females with fluvastatin in late vitellogenesis reduced the peak of HMG-R activity on day 3 and blocked embryogenesis (61) . These findings suggest that HMG-R, or some product of the mevalonate pathway, plays an essential role in early embryogenesis, coinciding with germ band formation, the extension of the appendage rudiments, and the segmentation of cephalic and thoracic regions.
In D. melanogaster, maternal HMG-R is required for early embryonic development (40) and for guiding primordial germ cells to the somatic gonad (58) , which explains that HMG-R mutant embryos are inviable. Mutants for FPPS and geranylgeranyl diphosphate synthase (fpps and quemao, respectively) show phenotypes similar to those of HMG-R mutants (45) . Furthermore, mutants for geranylgeranyl transferase type I (an enzyme necessary for protein prenylation of protein G, Ras, RhoB, and Rac) exhibit defects in cell migration equivalent to those described in HMG-R mutants (45) . Therefore, prenylation of proteins appears to be a key process for germ cell migration in D. melanogaster embryogenesis. It was also suggested (45) that HMG-R activity is involved not only in the regulation of the prenylation of certain proteins, in organelle trafficking, or in cell migration, but also in regulating control gene expression. Indeed, flies carrying large homozygous mutant clones for HMG-R in the imaginal discs die as pupae and exhibit patterning alterations encompassed by subexpression of engrailed and overexpression of wingless, two important patterning gene markers (45) .
Isoprenoid Pheromone Biosynthesis in the Midgut
Another important process in insects involving isoprenoid biosynthesis is the production of terpenoid aggregation pheromones in bark beetles, which has recently been reviewed (48) . Initial studies in scolytids (Ips spp.), using compactin and precursors (acetate and mevalonate) of the mevalonate pathway, suggested that monoterpenoid pheromones are produced de novo via the classical mevalonate pathway (53) . Over the past five years, the use of molecular techniques has shown that scolytids synthesize isoprenoid-derived aggregation pheromones (ipsenol, ipsdienol, and frontalin) through the classical mevalonate pathway. The species most studied are I. paraconfusus, I. pini, and D. jeffreyi, in which HMG-R and HMG-S have been cloned and characterized. Expression analysis and in situ hybridization studies have shown that HMG-R is highly expressed in specialized cells of the male anterior midgut, where monoterpenoid aggregation pheromones are synthesized de novo (37a).
Cell Compartmentalization
At least three different subcellular compartments (cytoplasm, peroxisomes, and mitochondria) participate in the mevalonate biosynthetic pathway in mammals (31) . The occurrence of compartment-specific genes is a way to organize such a compartmentalization, as occurs in rat mitochondrial and cytosolic HMG-S, which are encoded by two different genes (1) . Alternatively, the enzyme may be encoded by a single gene, but mechanisms for transporting it to different subcellular compartments are required.
In general, most enzymes of the mevalonate pathway in insects seem to act in the cytoplasm, as seen for HMG-S in L. migratoria (15) 
REGULATION
Unveiling the regulatory mechanisms of the mevalonate pathway and the synthesis of JH in insects is a major challenge in the field. To date, most of the approaches addressed to study these mechanisms have been inspired by the experience with vertebrates. These approaches have often given negative, but in any event informative, results. Conversely, other studies have shown that JH itself is a key regulatory element of the pathway, at least in selected insect models and processes.
Cholesterol Does Not Regulate the Mevalonate Pathway in Insects
The diversity of potential products of the mevalonate pathway may be indicative of the existence of finely tuned regulatory mechanisms. The absence of such precise control would result in a failure to fulfill the temporal, spatial, and quantitative restrictions placed upon isoprenoid synthesis and the deleterious accumulation of potentially toxic compounds. Data obtained in vertebrates pointed to cholesterol as a key negative regulator of the pathway (24), which inspired the first contributions on the regulation of the mevalonate pathway in insects. A set of detailed experiments carried out by Watson's team (5, 27) on the Drosophila cell line Kc demonstrated that HMG-R was not affected by exogenous sterols. These results suggested that, in contrast with vertebrates, the activity of HMG-R in insects was not regulated by a sterol-mediated negative feedback. From these data an intriguing question arose: Have the insects lost an ancestral ability to regulate the mevalonate pathway through sterols? The answer came with the complete characterization of the SREBP pathway in the fruit fly.
The SREBP Pathway in Insects
Sterol-dependent regulation in mammals is accomplished through the action of the SREBPs and the SREBP pathway (29, 41) . The SREBPs insert into the membrane of the endoplasmic reticulum, where they form a complex with another protein called SCAP (SREBP cleavage-activating protein). When cells lack lipids, the SCAP transports the SREBPs to the Golgi apparatus, where they are cleaved by two proteases named S1P and S2P. This releases a fragment that migrates to the nucleus and activates the expression of genes encoding enzymes involved in cholesterol and fatty acid synthesis. Excess cholesterol and fatty acids impair the proteolytic release of SREBPs from Golgi membranes, while the SCAP plays the role of sterol and fatty acid sensor. Relevant to this review is that mammals have two main SREBP isoforms and pathways: SREBP-1c, which is involved in regulating fatty acids, triacylglycerides, and phospholipids, and SREBP-2, which is restricted to regulating genes involved in cholesterol homeostasis. Another isoform, SREBP1a, is a general transcriptional activator for all SREBP-responsive genes (29, 41) . Do insects have a homologous system of regulation? Recent work by Goldstein, Brown, and colleagues (18, 47) has shown that D. melanogaster encodes all the members of this pathway, including a single SREBP protein (dSREBP) as well as the processing proteins and proteases (dSCAP, dS1P, and dS2P) (18) . However, dSREBP controls the enzymes involved in fatty acid synthesis, not those of the mevalonate pathway, as demonstrated by experiments of RNAi silencing dSREBP and dSCAP in Drosophila S2 cells. Results showed that four enzymes of fatty acid biosynthesis (acetyl-CoA synthase, acetyl-CoA carboxylase, fatty acid synthase, and fatty acyl-CoA synthase) were downregulated, while transcripts of the enzymes of the mevalonate pathway were not affected (47) . Indeed, processing of dSREBP is halted by palmitate and its derivative phosphoethanolamine, not by an excess of cholesterol or unsaturated fatty acids. These results indicate the insect SREBP pathway would be homologous to the SREBP-1c system of mammals, and that D. melanogaster does not have the pathway equivalent to the mammalian SREBP-2, which specifically regulates cholesterol. A single SREBP pathway in the mosquito A. gambiae has also been found (41) .
Regulation Through Juvenile Hormone
The physiological importance of JH suggests that it may be a candidate to regulate the mevalonate pathway in insects, at least in some groups and processes. In scolytids (48) , biochemical analysis demonstrated that JH regulates isoprenoid pheromone production de novo in the midgut of I. pini males (54) . Further analysis revealed that JH increases mRNA levels of HMG-R and HMG-S in I. paraconfusus, I. pini, and D. jeffreyi, although there were differences among these species in terms of dose dependency and timing of induction (55, 56) . JH activated HMG-R more strongly (8-fold in I. pini and 30-fold in D. jeffreyi) than HMG-S (4-fold in D. jeffreyi) (55, 57) . Moreover, JH elicited a modest induction of geranyl diphosphate synthase expression in male I. pini (48) . A recent study on I. pini using quantitative real-time PCR examined feeding-induced changes in gene expression of seven mevalonate pathway genes: acetoacetyl-CoA thiolase, HMG-S, HMG-R, diphosphomevalonate decarboxylase, isopentenyl diphosphate isomerase, geranyl diphosphate synthase, and FPPS (30a). After feeding, expression in all seven genes increased in males, but only the first five genes increased in females. This suggests that feeding stimulates JH biosynthesis in the CA, which, in turn, stimulates the enzymes involved in pheromone production in the anterior midgut of males. In addition, these results support the hypothesis that the regulatory effect is exerted through coordinated regulation of the enzyme genes of the mevalonate pathway necessary for pheromone biosynthesis (30a).
The role of JH in regulation of the mevalonate pathway has also been investigated in the cockroach B. germanica. Here also the work has focused on HMG-R and HMG-S. The analysis of the mRNA and protein levels as well as their enzymatic activities in fat bodies and ovaries of adult females (Figure 2 no obvious correlation between these levels and JH production (3, 6, 10) , while JH applied to last larval instar females had no effect on HMG-R mRNA levels in the fat body (16) . Moreover, mRNA levels of HMG-R and HMG-S are already high at the imaginal molt in the fat body, which suggests that high transcription rates occur at the end of the last nymphal instar, when JH is virtually absent (J. Cruz, D. Martín & X. Bellés, unpublished results). However, comparison of protein with mRNA levels reveals that translation takes place between days 1 and 4 of imaginal life, when JH production starts to increase (3, 10) (Figure 2 ). This suggests that JH may regulate the translatability and/or the stability of the enzyme transcripts. Females allatectomized at adult emergence and studied four days later showed twofold-higher levels of HMG-R and HMG-S mRNAs, whereas the corresponding protein levels were about half those measured in intact females (11) (Figure 4) , which is consistent with the above hypothesis.
IN SEARCH OF REGULARITIES

Enzymes, Patterns, and Regulation by Juvenile Hormone
The structural studies of the enzymes of the mevalonate pathway in insects indicate that they have no special features and are homologous to the corresponding enzymes of other metazoans. Those operating in the JH branch are restricted to arthropods and offer excellent opportunities not only to study the specific regulation of this peculiar branch, but also to explore them as targets for which to design and screen selective insecticides (28) . Expression studies on a number of enzymes, especially HMG-S and HMG-R, in a variety of models have revealed a diversity of patterns, showing specificities in terms of time, tissue, and physiological process.
From the point of view of key regulators, experiments with cholesterol treatment and studies of the SREBP pathway of D. melanogaster have led to the conclusion that sterols do not regulate the mevalonate pathway in insects, as otherwise expected, given the absence of the cholesterol branch. Research also focused on JH, working on two different models: the production of pheromones in male scolytids, and the synthesis of JH and other processes related to cockroach female reproduction. Results suggest that JH can exert a pleiotropic role upon regulation of the mevalonate pathway, acting in some tissues, stages, and associated physiological processes as a transcriptional activator (pheromone biosynthesis in scolytids; 48, 30a) , and also modulating the translatability and/or stability of the transcripts themselves (processes related to reproduction in cockroaches; 11). Often, data have shown that JH can act in parallel with a number of enzymes in the pathway, which suggests that the mevalonate pathway in insects can best be interpreted in terms of coordinated regulation and metabolic control analysis (23, 30a) , rather than in terms of a key regulatory step(s).
The SREBP Pathway: Evolutionary Speculations
Data from animal genomes indicate that vertebrates have two SREBP homologs, and hence two SREBP pathways, whereas invertebrates have only one (41) . This is strengthened by the fact that invertebrates (at least Arthropoda, Cephalopoda, Scaphopoda, Lamellibranchia, Nematoda, Plathyelminthes, and Cnidaria; 42) do not synthesize sterols de novo, in contrast to vertebrates (41) . Although functional data in invertebrates are limited to D. melanogaster and Caenorhabditis elegans, in these organisms the SREBP pathway is involved in fatty acid regulation (18, 37, 47) , as in the mammalian SREBP-1c pathway, which suggests that the invertebrate SREBP pathway is homologous to vertebrate SREBP-1c. Indeed, the similarity between the DNA-binding domains of dSREBP and human SREBP-1c is higher (83%) than that between the two human isoforms (80%) (41) .
From an evolutionary point of view, the data indicate that the ancestral function of the SREBP pathway may have been the maintenance of the cell membrane by regulating fatty acid flux. Then, the single ancestral SREBP gene became duplicated in the lineage that led to chordates, and this second copy may have been coopted to perform the more specific role of regulating cholesterol (47) . On the other hand, invertebrates had lost the sterol branch of the mevalonate pathway leading to cholesterol, thus becoming sterol auxotrophs. In insects in particular, quite paradoxically, this may have helped develop finely tuned mechanisms to regulate ecdysteroids from dietary sterols, and JH from farnesyl diphosphate.
After truncation of the mevalonate pathway, farnesyl diphosphate may have become the key branch point of the mevalonate pathway in insects, capable of diverting carbon flow specifically to the biosynthesis of JH and other critical compounds (such as dolichol and ubiquinone). Hence, farnesyl diphosphate may be considered a regulatory point, perhaps the key negative regulator of the mevalonate pathway. In this sense, it is worth remembering that the enzyme FPPS can be translocated to mitochondria, which offers more versatile possibilities of regulation by compartmentalization. Final or intermediate compounds of the lateral branches may, in turn, be specific regulators of their own branch.
FUTURE DIRECTIONS
Although considerable information on the mevalonate pathway has been obtained during the past decade, the absence of good "genetics" in most insect species used has precluded better knowledge of the regulation of the pathway or even of the composition of the pathway itself. In addition, the genome sequence of these species was unavailable, and furthermore, genetic transformation of them was undeveloped. Future research should be directed toward completing the molecular characterization of the enzymes involved in the different branches of the pathway (especially in those leading to JH), understanding the regulatory network controlling the pathway, and finding new functions for the products of the pathway in insects.
The achievement of these goals can be accelerated by following the genomic approaches recently developed, for example, using microarray experiments to carry out rapid, precise, and exhaustive analyses of thousands of genes in a wide variety of insect models. Using these approaches, the molecular dissection of their 5 and 3 flanking regions to characterize cis-sequences and trans-acting factors involved in their precise regulation, would be a reasonable objective in terms of time and effort, and would unravel the regulatory processes acting at different points in the pathway (19a, 30a) . In addition, the use of new techniques of protein silencing such as RNAi would allow a way to surpass the limitations imposed by the difficulty of using transgenesis in nondrosophilid insects. RNAi may unveil the involvement of the mevalonate pathway in new processes, for example, related to development, as we have recently seen in recent and fascinating studies carried out on fruit fly embryos.
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